INTRODUCTION

6
Understanding the causes and consequences of genomic variation among humans is Specifically, we noted that in all five of the cell types tested, VMRs were significantly fold across the different cell types, p=1.4x10 -6 to p=8.3x10 -18 ). Likewise, the depletion of
VMRs within 5' UTRs ranged from 1.36-to 1.78-fold (p=1.3x10 -10 to p=4.0x10 -21 ) 1 8 5
(Supplementary Table S2 ). The depletion in 5' UTRs was also reflected in enrichment 1 8 6
tests conducted using CGI annotations, which revealed significant depletions in CGIs 1 8 7
and concomitant enrichments in CpG shores, shelves, and sea categories 1 8 8
(Supplementary Table S2 ).
8 9
To further explore the co-localization of VMRs with functional genomic regions, compared to all VMRs defined in fibroblasts (Bonferroni corrected p=3.8x10 -10 , p=6.0x10 -7 and p=1.3x10 variation could be coordinated at multiple independent loci in trans. Based on this observation, we sought to formally identify signatures of co- VMRs (median module size, n=39) (Supplementary Table S3 , Supplementary Fig. S3 ). 
14
In order to assess the biological relevance of these co-regulated VMR networks,
we performed Gene Ontology (GO) enrichment analysis on the set of genes linked to VMRs including the GO term "negative regulation of synaptic transmission" (GO:0050805; 13-fold enrichment, FDR q=0.09). Complete lists of enriched GO terms
and modules are provided in Supplementary Table S5 . Based on the trans nature of these co-regulated VMR networks, we hypothesized
that coordinated epigenetic regulation of these sites might be based on the binding of included multiple HOX-genes (Fig. 3D) . Prior studies have shown that as part of the 2 9 5 polycomb complex, SUZ12 and EZH2 have roles in the establishment of epigenetic modifications, and specifically in the regulation of HOX genes (Cao et al, 2008) . Motivated by the signatures of co-methylation observed in our VMRs, we next sought to
broadly explore the potential underlying factors associated with the regulation of VMR 3 0 7 methylation variability. To do this, we first assessed the relationships between CpGs 3 0 8
within VMRs, genetic variation, and gene expression. We tested for enrichment of
FVMRs, BVMRs and TVMRs with previously described CpG methylation:gene eQTMs, and 4.4-, 6.5-, and 5.1-fold for association with mQTLs in FVMRs, BVMRs, and
TVMRs, respectively (all p-values <10 methylation levels at many VMRs shows strong evidence of being under local genetic
control. influence on methylation levels at VMRs. This effect is even more pronounced after excluding those VMRs known to be under genetic control. However, despite this evidence for genetic influences underlying a large fraction
of epigenetic variability, the existence of co-regulated modules of VMRs in trans led us
to hypothesize that a subset of epigenetic variation might be linked to non-genetic Furthermore, after removing those CpGs known to be associated with mQTLs, i.e. those influence of environmental effects on methylation variability at a subset of VMRs. To experimentally verify whether methylation levels at some VMRs are responsive to of nutrient deprivation and cell density with time (Fig. 5A) . Skin fibroblasts from a single 3 6 1 normal male (GM05420) were seeded in parallel from a single master culture into eight DNA methylation profiles for nine samples (see Methods). conditions on epigenetic state, we grew genetically-identical fibroblasts under conditions of increasing cell 3 7 0 density and nutrient deprivation. Cells from a single human fibroblast line were seeded in parallel at low
density in ten culture flasks, and allowed to grow continuously for up to 10 days, either with or without showed robust changes with varying culture conditions, including loci at several HOX genes and multiple fundamental control of growth, including similar GO categories to the co-methylated network identified in with nine different imprinted genes (p=1.5x10 -94
). The left plot shows methylation profiles at the imprinted We applied the same sliding-window method to identify VMRs in these cultured ). Examples of Concordant with our population analysis, GO analysis of the 162 VMRs from 3 9 2 cultured isogenic fibroblasts revealed enrichments for HOX genes, as well as the (Supplementary Table S9 ). Strikingly, these environmentally responsive VMRs were ).
9 6
This included overlaps with differentially methylated regions associated with the 3 9 7
imprinted genes PPIEL, MKRN3, MAGEL2, SNRPN, PEG3, L3MBTL1, MEST,
PLAGL1, and GNAS ( Fig. 5C ) (Court et al., 2014) . dispersed nature of these co-regulated VMR networks indicates that they are potentially demonstrates that epigenetic variation at some VMRs is linked to environmental factors.
2 4
Indeed, using isogenic fibroblast cultures derived from a single individual that were changes that could confound many in vitro studies. trans (Buenrostro et al., 2015) .
One of the strengths of this study is that we specifically utilized purified cell types 4 5 9
for our analysis, some of which were also of homogeneous age. This has the advantage 4 6 0 of removing the confounder of both cellular heterogeneity and age effects, both of which VMRs due to underlying differences in cell fractions or age among individuals.
6 4
Furthermore, we also utilized a window-based approach for defining VMRs. This variants, which can artifactually influence reported methylation levels at single probes.
6 8
One of the limitations of this analysis is that we used methylation profiles from 4 6 9 the Illumina 450k array, which targets only a small subset (~3%) of CpGs in the human
genome, and has coverage that is biased towards gene promoters and CpG islands. As that utilizes more comprehensive approaches (e.g. whole genome bisulfite sequencing)
will undoubtedly provide more complete genomic maps of epigenetic variation.
7 4
However, to our knowledge currently no such datasets on a population-scale are
available. One other potential caveat is that the methylation profiles for B cells,
fibroblasts and T cells were all generated from cells that had been cultured in vitro, and , 2008; Tammen et al.,2013, Bell and Beck, 2010) . We obtained DNA methylation data generated using the Illumina 450k
HumanMethylation BeadChip from two published studies. We utilized data from the 4 9 4
Gencord cohort from the EMBL-EBI European Genome-Phenome Archive from a cohort of newborns (Gutierrez-Arcelus et al., 2013) . We also utilized methylation were remapped to the reference human genome hg18 (NCBI36) using BSMAP, with unique genomic matches. Probe coordinates were converted to hg19 using liftover.
Probes that overlapped SNPs identified by the 1000 Genomes Project (minor allele samples was excluded on the basis that they showed discrepant gender, as determined RefSeq genes using BEDTools v2.17. To identify regions of common highly variable methylation that should be robust to consecutively to the last probe on each chromosome. We defined VMRs as those 1kb additional criterion that at least 50% of the probes in that window were also To identify potential co-regulation relationships among VMRs, we applied Weighted
Gene Correlation Network Analysis (WGCNA) to each set of VMRs identified per cell VMR. We generated adjacency matrices by raising the correlation matrix to the power of classified into modules using hybrid dynamic tree cutting with a minimum cluster size of For each module with at least 10 associated genes, we performed Gene Ontology were considered, and we applied a Bonferroni correction to p-values based on the total 5 5 6
number of TFs tested (n=162). confluency (approximately 7 days after seeding). Both cultures were then trypsinized, 5 6 7 mixed, and the cells seeded equally into a total of nine T25 flasks, which were then 5 6 8
harvested at set time points (TP) under different culture regimes, as follows:
